Lifetime reproductive success and timing of reproduction are key components of life-history evolution. To understand the evolution of reproductive schedules, it is important to use a measure of ¢tness that is sensitive both to reproductive quantity and reproductive timing. There is a contradiction between the theory, which mainly focuses on the rate measures of ¢tness (r and l), and empirical studies, which mainly use lifetime reproductive success (LRS), or some of its correlates, as a ¢tness measure. We measured phenotypic selection on age-speci¢c fertilities in three pre-modern human populations using individually estimated ¢nite rate of increase, e r (l). We found that l and lifetime reproductive success ranked individuals di¡erently according to their ¢tness: for example, a female giving birth to four children at a young age may actually have a higher ¢tness than a female giving birth to six children at a greater age. Increase in fertility at the young age classes (15^19 years) was favoured by selection, but the intensity of selection on fertility was higher in the older age classes (20^30 years), where the variance in fertility was highest. Hence, variation in fertility in the older age classes (20^30) was actually responsible for most of the observed variation in ¢tness among the individuals. Additionally, more than 90% of variation in ¢tness (l) was attributable to individual di¡erences in LRS, whereas only about 5% of all variation in ¢tness was due to di¡erences in the reproductive schedule. The rate-sensitive ¢tness measure did not signi¢cantly challenge the importance of total fertility as a component of ¢tness in humans. However, the rate-sensitive measure clearly allowed more accurate estimation of individual ¢tness, which may be important for answering some more speci¢c questions.
INTRODUCTION
Life-history theory sets predictions for the evolution of reproductive schedules. It is widely recognized that the timing of reproduction may be as important a component of ¢tness as is the reproductive quantity (Stearns 1992; Ro¡ 1992) . If the individual variation in reproductive schedule is ignored, conclusions about the selective forces moulding a life history may remain inaccurate. To understand the evolution of reproductive schedules, it is necessary to use a ¢tness measure that is sensitive to timing of reproduction (Ro¡ 1992; Kozlowski 1993; Berrigan & Koella 1994; Mylius & Diekmann 1995) .
The evolutionary ¢tness measures can be divided intò rate measures' and`quantity measures' (Stearns 1982; de Jong 1994) : the rate measures are sensitive to generation time whereas the quantity measures are not. The two common ¢tness measures used in life-history studies are r, the intrinsic rate of increase of a gene in the population, and R 0 , the net reproductive rate (Stearns 1992) . Intrinsic rate of increase is sensitive to generation length, and is therefore a suitable measure of ¢tness when variation in reproductive schedules is of interest (Charlesworth 1980; Caswell 1989; Stearns 1992) . The net reproductive rate (R 0 ) is a sum of the products of fertility and survival of each age class (Caswell 1988) and is not sensitive to the ¢tness di¡erences produced by variation in the reproductive schedules.
R 0 and r have both been used as propensity measures of ¢tness that are derived for a group of individuals sharing the same phenotype. Neither can be directly used as a measure of individual ¢tness. However, lifetime reproductive success (LRS) may be seen as analogous to R 0 (Caswell 1989) and has been used as a measure of ¢tness in several studies of vertebrates, including humans (reviewed by Clutton-Brock 1988) . However, there is a clear contradiction between the mainstream of the theory, which relies on the rate measures of ¢tness, and empirical studies, which frequently use LRS, or some correlate of it, as an individual-level ¢tness measure. Recently, McGraw & Caswell (1996) introduced a method of calculating l (! e r ) separately for each individual. When compared with LRS, this measure successfully combines the e¡ects of quantity and schedule of reproduction, and hence provides an attractive alternative for an individual-level ¢tness estimate (McGraw & Caswell 1996) .
In this paper we present an analysis of the phenotypic selection on human reproductive schedule in three historical human populations. We used demographic data for Sami populations who lived in northern Scandinavia (mainly northern Finland) during the eighteenth and nineteenth centuries. The data were collected from parish registers kept by churches (for other examples where similar data are used, see Haukioja et al. 1989; Voland 1988; Low 1990 Low , 1991 RÖskaft et al. 1992) and provide a unique opportunity to study natural demography of human populations. The Sami people lived by hunting, ¢shing and nomadic pastoralism, and exhibited natural fertility in the absence of modern contraception or medical care. The three study populations di¡er in their natural history: the Sami of the Inari population were mainly hunters and ¢shers, the Utsjoki Sami were seminomadic reindeer herders and ¢shers, and the Sami of the EnontekiÎ population practised nomadic reindeer herding and lived in temporary dwellings or tents. These di¡er-ences in ecology were re£ected in their demography as well (KÌÌr et al. 1996 (KÌÌr et al. , 1998 .
We employed the procedure introduced by McGraw & Caswell (1996) to calculate a rate-sensitive individuallevel measure of ¢tness (l) for each reproductive female in the populations, and used these estimates to construct selection surfaces for age-speci¢c fertilities for each population. To our knowledge, this is the ¢rst time this method has been applied to data on human populations. We also compare l and LRS to evaluate whether the choice of ¢tness measure leads to a di¡erent ranking of individuals by their evolutionary success.
MATERIALS AND METHODS
Population growth can be described as n(t + 1) An(t), where A is a population projection matrix, and n(t) is a vector of stage abundances (Caswell 1989) . The ¢nite rate of population increase (l) equals the dominant positive eigenvalue of the projection matrix A. We used the method of McGraw & Caswell (1996) to estimate l for each individual female in the study populations. To estimate l individually, a projection matrix (Amatrix) was built for each female based on her life-history data.
In this matrix, the age-speci¢c fertilities of a female run across the ¢rst row and her survival probability between age classes is on the diagonal (table 1). Survival equals unity until her last reproduction. Values of l were calculated by using MATLAB (Mathworks, Inc., MA, USA) software.
Age-speci¢c fertility ( f x ) of the female was measured as the number of children surviving to the age of 18. Note that the number of surviving o¡spring can be used to measure agespeci¢c fertility when the survival probability of the o¡spring is set to 1. Observed fertilities were multiplied by 0.5 because this equals the genetic contribution of each parent to o¡spring in sexual species and thus corresponds to the propagating rate of genes (Caswell 1989; McGraw & Caswell 1996) . Fertility and survival were calculated in ¢ve-year intervals for each female in the population: 0^4, 5^9, 10^14, 15^19, 20^24, 25^29, 30^34, 35^39, 40^44 and 45^49 years old, respectively. Age classes between 15 and 49 were reproductive (table 2) .
Lifetime reproductive success (LRS) was calculated as the sum of age-speci¢c fertilities. In other words, LRS equals number of children surviving to the age of 18 multiplied by 0.5. Individuals whose ¢tness was low (LRS 1, actual fertility 2) were excluded from the analyses. We did not include individuals with low ¢tness because our purpose was not to calculate population growth estimates, but to compare the individual-level ¢tness measures and to study the phenotypic selection on reproductive scheduling (see below). Individuals with low ¢tness are not informative for this analysis. LRS and l converge to the same value for individuals who have two o¡spring (LRS l 1), and including these individuals in the analysis would confound and dominate the comparison of l and LRS. Furthermore, owing to technical reasons (see McGraw & Caswell 1996) , females with two o¡spring have no variation in their value of l, irrespective of the age at which they have given birth. For these cases comparison of LRS and l should be done after l has been corrected with the realized generation time, a complicating factor in the analysis. Note that it would have been imperative to include all reproductive females in the analysis if the goal had been to compare population growth rates, but this was not our primary aim.
Following Lande & Arnold's (1983) general formulation of multivariate phenotypic selection, selection on age-speci¢c fertilities may be described by a multiple regression model 2416 P. KÌÌr and J. Jokela Selection on age-speci¢c fertilities Proc. R. Soc. Lond. B (1998) Table 1 . An example of an individual matrix for a female from the nomadic EnontekiÎ population (She was born in 1761 and died in 1830. She gave birth to nine children, of whom six survived to the age of 18 years. According to this matrix, her individual value of ! is 1.17. Note that age-speci¢c fertilities (top row) are measured as 0.5 Â number of children surviving to the age of 18 years.) 
where w is ¢tness, c is a constant, s is the last reproductive age class and e represents the residual variation. Phenotypic selection on fertility at each age class ( f 1 to f s ) is quanti¢ed as a partial regression coe¤cient (selection gradient) b i (Arnold & Wade 1984) . We used l as a dependent variable and fertilities of di¡erent age classes as independent variables in the analysis. Estimation of the selection gradients for fertility at di¡erent age classes allowed us to construct selection surfaces for the fertility distribution across age classes for each of the study populations. Note that if the LRS is used as a ¢tness measure, increasing fertility at any age has a similar e¡ect on ¢tness, i.e. selection on fertility is equally strong at all age classes. Hence, from the LRS point of view, the scheduling of reproduction does not matter; LRS re£ects only the sum of age-speci¢c fertilities. We used standardized selection gradients (standardized partial regression coe¤cients) from the above analysis (see Arnold & Wade 1984; Schluter 1988; Falconer & Mackay 1996) to measure intensity of selection on the age-speci¢c fertilities for each age class (SAS 1989) . The intensity of selection is determined by the relative variance of a ¢tness component (age-speci¢c fertility) and ¢tness (l), indicating which age classes contribute most to the variation in ¢tness. We also analysed the intensity of selection on age-speci¢c fertilities by using LRS as a ¢tness measure. This was done to investigate how intensity of selection on age-speci¢c fertilities changes when a di¡erent ¢tness measure is used. Note that when the LRS is used as a ¢tness measure, the selection analyses can only be done by using standardized selection gradients because the partial regression coe¤cients for agespeci¢c fertilities are equal (increasing fertility at any age has a similar e¡ect on LRS).
We studied the relation between l and LRS, and l and logtransformed LRS, by means of simple regressions. Because l is sensitive to the reproductive schedule, individuals with equal LRS may have di¡erent values of l. Therefore, the variation in l was not completely explained by the variation in LRS. We decomposed this remaining residual variation further with multiple regression where age-speci¢c fertilities were used as independent variables. This procedure allowed us to assess the proportion of variation in ¢tness attributable to LRS and to the scheduling of reproduction. The analyses were performed separately for all three study populations.
RESULTS
When l was used as a ¢tness measure, selection gradients for fertility decreased monotonically with increasing age, indicating higher ¢tness pay-o¡s for increased Selection on age-speci¢c fertilities P. KÌÌr and J. Jokela 2417
Proc. R. Soc. Lond. B (1998) fertility at a young age (¢gure 1). However, analysis of standardized selection gradients suggests that selection was most intense between 20 and 30 years of age, when variance in both fertility (table 2) and ¢tness (¢gure 1) was highest. In other words, selection favoured increased fertility at an early age, but most of the actual ¢tness variation was caused by fertility di¡erences at thè normal' reproductive ages (¢gure 2).
The selection surfaces for the reproductive schedule were remarkably similar in all three study populations (¢gure 1). The same was true for analyses in which intensity of selection was calculated with LRS as a ¢tness measure. However, when LRS was used as a ¢tness measure, intensity of selection at later age classes was generally higher compared with the analyses based on l (¢gure 1). Interestingly, the estimates of selection intensity based on l and LRS di¡ered at young age classes for the EnontekiÎ population, but not for young age classes at Utsjoki and Inari (¢gure 1).
LRS explained more than 90% of the variation in l in each of the three populations (table 3; ¢gure 3). The relation between LRS and l was close to linear; the use of log-transformed LRS did not clearly improve the proportion of variation explained by the model (table 3) . Most of the remaining residual variation was explained by individual di¡erences in age-speci¢c fertilities (table  3) . Although the proportion of variation in ¢tness attributable to the reproductive schedule was relatively small, the timing of reproduction was still an important component of ¢tness. For example, depending on the reproductive schedule, a female with four children may have had higher ¢tness (l) than a female with six children (¢gure 3).
DISCUSSION
The reproductive schedule is a fundamental component of a life-history strategy. The recent introduction of individual-level ¢tness measures that are sensitive to di¡erences in reproductive schedules greatly improves our ability to measure individual variation in ¢tness that is due to timing of reproduction (McGraw & Caswell 1996) . Estimates of phenotypic selection on reproductive schedules are of special interest to studies of life-history evolution, and so is the opportunity to compare di¡erent individual-level ¢tness measures.
Our analysis of phenotypic selection on human reproductive schedule indicated that although the selection gradients on age-speci¢c fertilities were steeper at young than at old age, the variation in ¢tness was largely due to variation in fertility between 20 and 35 years of age. This was because the variance in fertility was higher in these age classes. The estimates of the relative importance of age-speci¢c fertility could have been obtained from traditional life-table analysis, but the individual-based approach allowed us to assess the e¡ect of between-individual variation on the intensity of selection.
The selection surfaces for age-speci¢c fertilities appear very similar for all three study populations. Although we knew from a previous study that the population of EnontekiÎ had a higher adult mortality rate than the other two populations (KÌÌr et al. 1996) , this di¡erence in demography does not seem to have a¡ected the intensity of selection on age-speci¢c fertilities. Furthermore, it appeared that the intensity of selection on di¡erent agespeci¢c fertilities was about the same irrespective of the study population, and irrespective of which ¢tness measure was used (¢gure 1). This suggests that the selection surface on age-speci¢c fertility was most sensitive to the relative variance of fertility at di¡erent age classes and less sensitive to variation in mortality. This pattern may be found in other human populations as well.
Why was the intensity of selection strongest at ages of between 20 and 30 years? We know that in humans an increase in fertility at all ages is constrained by long pregnancy, small litter size, and long child care. Therefore, the results of the intensity analysis may be put forward to suggest that the distribution of fertility across di¡erent ages was controlled by static physiological constraints on reproductive scheduling, and that therefore the variation in evolutionary ¢tness was due to variation in fertility between 20 and 30 years of age. This suggests that total fertility may have been more important for ¢tness than variation in reproductive scheduling.
The comparison of ¢tness measures indicated, however, that the e¡ect of reproductive scheduling was substantial in some cases. For example, the ¢tness of some females with four children was higher than the ¢tness of some females with six children, when l was used as a measure of ¢tness (¢gure 3). In other words, the children produced at an early age contributed more to the ¢tness of these females than did children that were produced later in life, as expected by classical life-history theory (Stearns 1992) . However, when referring to this interesting result, it must be kept in mind that a very large fraction of variation in ¢tness (l) was explained by the lifetime reproductive success. In fact, reproductive schedule was responsible for less than 10% of the overall variation in ¢tness, supporting our conclusion that, in the populations studied, the variation in reproductive schedules may have had a relatively small e¡ect on ¢tness when compared with the variation in overall fertility. This retrospective analysis illustrates how reproductive scheduling needs to be taken into account when deciding on a ¢tness measure.
The relation of the appropriate ¢tness measure to density-dependent or density-independent population regulation has motivated one of the longest lasting debates in evolutionary ecology during the past few decades (Lewontin 1965; MacArthur & Wilson 1967; Pianka 1970; Charlesworth 1980; Ro¡ 1992; Stearns 1992; Kozlowski 1993; Kozlowski & Janczur 1994; Mylius & Diekmann 1995) . The main question has been,`How does the chosen ¢tness measure succeed in predicting evolutionary changes under di¡erent conditions of density dependence ?'. The general agreement has been that ratesensitive measures better re£ect ¢tness in density-independent populations, whereas rate-insensitive measures better describe ¢tness under density dependence. Our analysis does not directly address this issue, because we do not attempt to analyse the mode of population regulation in these data. We bring this issue up to make the point that the individual-level measures of ¢tness are`blind' to population growth trajectories, but the decision as to the Selection on age-speci¢c fertilities P. KÌÌr and J. Jokela 2419
Proc. R. Soc. Lond. B (1998) Caswell (1996) is used to calculate individual values of l, individuals that have two o¡spring will all have the same ¢tness (l 1) independent of when the o¡spring are born. However, reproductive schedule should in£uence the ¢tness estimate, because a female that gives birth to two o¡spring at a young age has a shorter generation time than a female giving birth to two o¡spring at a later age. Therefore, depending on whether short or long generation time is favoured by selection, these individuals should be assigned di¡erent ¢tnesses. We hope that this question may be addressed in detail in future studies. In this study, the rate-sensitive ¢tness measure did not signi¢cantly challenge the importance of total fertility as a component of ¢tness in humans. However, the ratesensitive measure clearly allowed more accurate estimation of individual ¢tness, which may be important if the purpose is to address some more speci¢c questions. We conclude that there is no a priori reason to abandon any ¢tness measure, but that there is good reason to assess the appropriateness of the one chosen.
